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We report the development of a technique to measure heat capacity at large uniaxial pressure using a
piezoelectric-driven device generating compressive and tensile strain in the sample. Our setup is optimized
for temperatures ranging from 8 K down to millikelvin. Using an AC heat-capacity technique we are able to
achieve an extremely high resolution and to probe a homogeneously strained part of the sample. We demon-
strate the capabilities of our setup on the unconventional superconductor Sr2RuO4. By replacing thermometer
and adjusting the remaining setup accordingly the temperature regime of the experiment can be adapted to other
temperature ranges of interest.
I. INTRODUCTION
Application of external pressure is a powerful method to
tune the intricate interplay of competing energy scales in cor-
related materials and the emergence of novel unconventional
phases in a clean fashion. It offers significant advantages as
a control parameter compared with chemical substitution and
application of magnetic fields, because it does not introduce
additional disorder as in the case of substitution of one ele-
ment by an other or polarize the electrons as a magnetic field
does.
A large variety of experimental setups has been developed
to probe physical properties under hydrostatic pressure.[1] In
contrast, experiments under uniaxial pressure appeared to be
limited to low pressure and only few experimental probes.
Recently, however, the development of piezoelectric-driven
pressure devices opened a new perspective.[2, 3] These de-
vices allow the application of large positive and negative
pressures and the amplitude of the applied pressure can be
easily changed at low temperatures. In a short period of
time experimental stages to access a large number of phys-
ical properties of materials have been developed. These
include electrical transport,[4, 5] magnetic susceptibility,[6]
nuclear-magnetic resonance,[7–9] muon-spin resonance,[10]
and angle-resolved photo emission, for which mechanically or
thermally activated cells have also been introduced.[11–15]
An important quantity to characterize a material is the spe-
cific heat, which is the fundamental thermodynamic prop-
erty giving information on the internal degrees of freedom
of a material and the entropy related with them. To address
the experimental challenge of studying the heat capacity un-
der large uniaxial pressures, we employ a variation of known
AC heat-capacity measurement techniques.[16] Heat capac-
ity measurement has been combined with uniaxial pressure
previously,[17–21] but with traditional, anvil-based uniaxial
pressure cells. Samples have been thermally isolated by using
low thermal conductivity materials, such as stainless steel or
superconducting NbTi, as piston or additional spacer. How-
ever in previous anvil-based uniaxial-pressure measurements,
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e.g. on the unconventional superconductor Sr2RuO4, it did not
prove practical to maintain high stress homogeneity,[22, 23]
which is one of the main challenges in carrying out this kind
of experiments. Furthermore, under applied uniaxial pressure
the samples even may deform plastically. To reduce these ef-
fects we apply force to the sample through a layer of epoxy,[2]
which acts as a conformal layer that dramatically improves
stress homogeneity. However, it also makes heat-capacity
measurement more challenging, because the epoxy layer pro-
vides an unavoidable strong thermal link to the pressure cell.
For our study we have used Sr2RuO4 that provides a de-
manding test of our new apparatus. Sr2RuO4 is an unconven-
tional superconductor with a superconducting transition tem-
perature up to Tc = 1.5 K in the best crystals.[24–26] From re-
sistivity and magnetic susceptibility experiments it is known
that Tc shows a pronounced dependence on the applied uni-
axial pressure.[5, 6, 27] This and the sharp superconducting
transition anomaly make it an ideal material to demonstrate
the potential of our technique for the study of correlated ma-
terials. A successful experiment on Sr2RuO4 can only be done
using a technique that introduces no disorder or plastic defor-
mations, and that probes a region in which the strain induced
in the sample is highly homogeneous.
II. METHOD
For a setup in which the sample is strongly coupled to the
environment as it is in a pressure cell, whether hydrostatic or
uniaxial, standard quasi-adiabatic or relaxation techniques are
limited to cases where the heat capacity of the whole pressure
cell including the sample is measured and the heat capacity
of the sample can then be separated from the (large) addenda.
That implies restrictions on the materials which can be inves-
tigated and limits experiments to low temperatures. The ad-
vantage of such a technique is that one obtains absolute values
of the heat capacity, but the resolution and the pressure regime
are limited. In heat-capacity measurements at higher pressure,
where anvil-type cells are used, or for uniaxial pressure exper-
iments, the application of this technique is not possible any-
more. The mass of sample is negligible with respect to that
of the pressure apparatus. In these cases the heat capacity can
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FIG. 1. (a) Schematic drawing of the thermal couplings of a sam-
ple in an AC heat-capacity setup. (b) A schematic diagram of the
frequency response curve F against ω . ω is the angular frequency
of the temperature oscillation. The curve can be divided into three
regions separated by ω1 and ω2.
only be determined using an AC heat capacity measurement
technique.[16] With the AC technique it is possible to record
heat capacity data in a wide range of parameter space on a
sample which is not well thermally isolated from its environ-
ment by adjusting the measurement frequency. The drawback
is that it is generally challenging to obtain absolute values of
the heat capacity and one usually has to be content with data
having arbitrary units. As we demonstrate, however, it can
still yield a wealth of useful information.
A. AC Heat Capacity
In the AC heat capacity measurement technique an alternat-
ing current is applied at frequency ω/2 to the heater, leading
to an AC heat power at frequency ω to determine the heat ca-
pacity CAC. Here ω = 2pi f is the angular frequency. The gov-
erning relationship for measurements of the AC heat capacity
is
CAC =
P
ωTAC
F(ω). (1)
P is the average power and F(ω) is a frequency response
curve that characterizes the thermalization of the sample, and
differs from sample to sample, because it depends on time
constants determined by thermal conductances and heat ca-
pacities of the system. F(ω) depends on the time constants τ1
and τ2:
F(ω) =
[
1+
1
ω2τ21
+ω2τ22
]−1/2
. (2)
τ1 =CAC/kb describes the time scale of the applied heat power
decaying to the environment, whereas τ2 =
√
τ2h + τ
2
θ + τ
2
int
describes the internal thermal time scale within the system it-
self. Here τh =Ch/kh,τθ =Cθ/kθ and τint =Cs/ks (see also
Fig. 1a). The time constants τh τθ and τint describe the time
scales for the heater and, thermometer and sample to be ther-
malized, respectively. Ch, Cθ , and Cs are the heat capacity of
the heater, thermometer, and sample, respectively. For a good
design, the responses of heater and thermometer need to be
fast so one should aim at τint τh and τθ .
A schematic diagram of F(ω) is shown in Fig. 1b. At low
frequencies, indicated as regime I, ω ω1 = 1/τ1 = kb/CAC,
F(ω) is reduced due to dissipation of temperature oscilla-
tions into the environment and at high frequencies, ωω2 =
1/τ2 ∼= ks/Cs, because the heater-sample-temperature sensor
system does not thermalize, marked as regime III. In the
plateau region between these limits F(ω)≈ 1 and
CAC ≈ PωTAC . (3)
In addition to the temperature oscillations the application
of the oscillatory heating power leads to an temperature offset
TDC in the sample, which can be determined in the low fre-
quency limit ω  ω1. Here F(ω) = ωτ1 and the temperature
offset can be estimated as
TDC ≈ Pkb . (4)
B. Experimental Setup
The general considerations in the section above show that it
should be possible to measure the heat capacity in an uniaxial
pressure apparatus as shown in Fig. 2a by choosing the cor-
rect set of experimental parameters. In the following we will
explain the experimental setup and describe the details of the
preparation process using the example of a Sr2RuO4 single
crystal.
The sample is marked by a red circle in Fig. 2a and shown
in detail in Fig. 2b. In this setup the applied force results in a
normal strain
εxx =
l− l0
l0
(5)
in the sample. Here l0 is the length of the unstrained sample
and l the length of the strained sample. The length change
is measured capacitively and can be controlled. The applied
strain can go beyond 1%. In Sr2RuO4 the Young’s modulus
3FIG. 2. (a) Photograph of the uniaxial pressure apparatus used in
the present study. The red circle marks the sample region. (b) Pho-
tograph of the setup of the heat capacity measurements under strain
including heater and thermometer. The sample is glued between the
jaws of the uniaxial pressure device. The exposed length, width and
thickness of the shown sample are 2 mm, 200 µm and 150 µm, re-
spectively. The device allows the application of compressive and
tensile strains. The red, yellow, and white rectangles represent the
(quasi)homogeneous, inhomogeneous, and unstrained regions, re-
spectively, see text for details. (c) Schematic diagram of the setup
illustrating the photograph in (b).
is about 180 GPa and correspondingly the applied uniaxial
pressure can reliably reach up to about 2 GPa. However, the
maximum uniaxial pressure depends strongly on the mechan-
ical properties of the investigated material. Further details can
be found in Ref. 2. The present AC heat-capacity technique
can be adapted to different types of uniaxial pressure devices,
e.g. to a stress-controlled apparatus [3] and is fully compatible
with experiments in magnetic fields
In Fig. 2b we show a photograph of the bar-shaped sample
that has been carefully cut, polished, and then mounted within
the jaws of the uniaxial pressure rig. The nature of the appa-
ratus means that only the central part of the sample is homo-
geneously strained. Force is transferred to the sample through
the epoxy layer around the sample. The sample ends which
are protruding beyond it are unstrained, and there are inter-
mediate regions, marked in yellow in Fig. 2b, where the strain
is built up. Therefore, we have to choose the measurement
conditions in a way that we only probe the homogeneous part
of the sample. On the example of a Sr2RuO4 single crystal we
will demonstrate that this is in principle possible by varying
the excitation frequency fexc = f/2 of the heater, if the char-
acteristic parameters of the setup, such as the different thermal
conductances, have been chosen in the appropriate range.
For the experiments single crystalline Sr2RuO4 was aligned
using a bespoke Laue x-ray camera, and cut using a wire saw
into thin bars with whose long axis aligned with the [100]
direction of the crystal. For the best results these bars were
polished using home-made apparatus based on diamond im-
pregnated paper with a minimum grit size of 1 µm. The bar
was then mounted within the jaws of the uniaxial pressure
rig using Stycast 2850FT epoxy with Catalyst 23LV (Henkel
Loctide). A resistive thin film resistor chip (State of the
Art, Inc., Series No.: S0202DS1001FKW) as heater and a
Au-AuFe(0.07%) thermocouple are fixed to opposite sides of
the sample using Dupont 6838 single component silver-filled
epoxy. The resistance of heater is about 640 Ω and the ap-
plied power is in the range of µW. The heater is connected
electrically using manganin wires providing a low thermal
conductance to the bath. At 1 K the thermal conductance
of the Stycast layers and the manganin wires is about 10−4
and 10−7 W/K, respectively. Thus, the heat loss is largely
dominated by the Stycast layers. The thermocouple was spot-
welded in-house and its calibration fixed by reference to that
of a calibrated RuO2 thermometer.[28] Special care was taken
when epoxying to the pressure cell to minimize tilt and ensure
an as homogeneous strain field as possible.
The uniaxial pressure apparatus was mounted on a dilution
refrigerator (Oxford Instruments), with thermal coupling to
the mixing chamber via a high purity silver wire. The data
were acquired between 500 mK and 4.2 K, with operation
above 1.5 K achieved by circulating a small fraction of the
mixture. The extremely low noise level of 20 pV/
√
Hz on the
thermocouple readout was achieved by the combination of an
EG&G 7265 lock-in amplifier and a high frequency low tem-
perature transformer (LTT-h from CMR direct) mounted on
the 1 K pot of the dilution refrigerator, operating at a gain of
300. The input impedance of the transformer is about 0.1 Ω,
which ensured a flat frequency response from several hundred
Hz to several tens of kHz. A Keithley 6221 low-noise current
source was used to drive the heater. The piezo-electric actua-
tors were driven at up to±400 V using a bespoke high-voltage
amplifier.
C. Strain inhomogeneity
The nature of our setup is that the strain profile along
the direction of the application of the uniaxial pressure is
not homogeneous. As we will describe below, by adjusting
4(b)
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FIG. 3. (a) Heater fixed with a silver foil to the sample. The contact
to the sample is on the whole plane. (b) The simulation of the strain
εxx pattern corresponding to the setup in (a). One of the silver-filled
epoxy blocks was set to be invisible, as indicated by the dash-dotted
lines, such that the strain prole on the edge of the sample is visible.
(c) Heater fixed to the sample by four thin silver wires on the edges
of the sample. (d) Corresponding simulation to (c). The strain inho-
mogeneity is reduced in the center compared with the setup shown
in (a).
the excitation frequency fexc to an appropriate value the ac-
tual heat-capacity measurement can be confined to the quasi-
homogeneously strained region of the sample. Besides this
source of strain inhomogeneity there are other sources which
can be reduced in the preparation and mounting process of the
sample in the apparatus.
Imperfections of sample surface and geometry
The bar-shaped needles cut from crystals have typically
terraces and irregular shapes on their surface which can in-
duce inhomogeneous strain fields when they are under uni-
axial pressure. Imperfections may also lead to an early fail-
ure of pressurized samples reducing the maximum achievable
pressure. A perfect sample is a cuboid, i.e. each surface is
parallel to the opposite one, and has a smooth surface rough-
ness. Therefore, we carefully polish our samples and inspect
the shape and the surface quality under a microscope before
mounting in the uniaxial pressure apparatus.
Bending
Asymmetric mounting of a sample leads to bending.[29]
An ideal sample mounting is a sample mounted between two
plates with symmetrical epoxy layers on top and at the bot-
tom. However, the sample might end up with a small offset
in height. To reduce inhomogeneity in preparing the sample
we aim for an aspect ratio ls/t > 10, where ls is the exposed
length and t the thickness of the sample
Mounting of the heater
One of the main sources of inhomogeneous strain fields
originates from the sample configuration in the AC heat-
capacity setup. In order to transmit the heating power from the
heater resistance to the sample, we use thermal contacts made
by silver wires glued to the sample using silver-filled epoxy.
Since the Youngs modulus of silver and the sample are gener-
ally very different, as in our example of Sr2RuO4, the contacts
create inhomogeneous strain fields. We tried to minimize this
effect. We realized two different types of silver contacts to the
sample. Figures 3a and 3c show photographs of the setups.
In the first one a silver strip was glued on a contact length of
about 300 µm on both edges to the sample using silver-filled
epoxy. In the second, the thermal contact is divided into 4
smaller areas instead of a large one, by gluing 8 silver wires
with diameter of 50 µm on both edges. The total contact area
in both cases is almost the same. The experiments on our test
sample Sr2RuO4 showed indeed a significant sharpening of
the superconducting transition anomaly in the latter case.
In addition to the experiments we simulated the strain fields
in the sample by a finite element method using a commercial
software package.[30] For the simulation we set the Youngs
modulus of the sample to 180 GPa and the Poissons ratio to
0.33. For the dimensions of the sample we used the values
from the experiment, a thickness 100 µm, width 300 µm, and
length 2 mm. One of the sample ends was set to be fixed and
the other end was subjected to a pressure of 0.18 GPa, lead-
ing to εxx = 0.1%. The silver and silver-filled epoxy were set
to have Poissons ratio of 0.35. The Youngs modulus for the
silver epoxy was set to be 1/3 of that of the silver, which is
110 GPa. The results for both configurations are shown in
Figs. 3b and 3d. The color bar shows the strain scale, rang-
ing from 0.07 to 0.13%. In the first configuration, with silver
strip glued with silver-filled epoxy on both edges to the sam-
ple, the strain inhomogeneity on the sample is greater than
60% in the center (see Fig. 3b). In the second design using
8 silver wires with diameter of 50 µm on both edges for the
thermal contact, the strain inhomogeneity is strongly reduced
in the bulk, except in the regions very close to the contact sur-
faces. Since heat capacity is a bulk-sensitive measurement,
the inhomogeneity near the surface is negligible. The strain
inhomogeneity in this configuration is only about 10% in the
center region of the sample. This shows that it is highly de-
sirable to have separated smaller contact areas to transmit the
heat to the sample in order to reduce strain inhomogeneities
in accordance with the experimental results. In the following
we continued with the second configuration.
III. RESULTS
We demonstrate the capabilities of our setup and discuss
its advantages and limitations by showing representative data
from experiments on Sr2RuO4. The first step in an AC
heat-capacity experiment is to find a suitable measurement
frequency in the plateau region of the frequency response
curve F(ω). We note that the existence of this plateau de-
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FIG. 4. (a) Frequency sweeps at 1 and 4.23 K. (b) Data recorded
at 313 Hz for zero and small strains up to εxx = −0.19%. (c) Data
on Sr2RuO4 in the region around its superconducting transition at
εxx =−0.19% for different frequencies.
pends on the respective characteristics of the setup as dis-
cussed in Sec. II A. If a suitable frequency has been found,
temperature sweeps, also in applied magnetic field, or pres-
sure/magnetic field ramps can be conducted and the heat ca-
pacity recorded. According to Eq. 3 we will plot our results
on Sr2RuO4 as P/[ωTAC(T )]. As we will discuss in Sec. III C
CAC ≈ P/(ωTAC) is not strictly valid in our setup and has to
be treated with caution.
A. Measuring frequency
Figure 4a shows the frequency response at 1 and 4.23 K in
case of our example Sr2RuO4 crystal. It shows a broad plateau
between a few hundred hertz and several kilohertz at both tem-
peratures, attesting that in principle heat-capacity measure-
ments should be possible in the desired temperature range. By
raising the temperature from 1 to 4.23 K the plateau narrows
slightly but remains well-defined.
In the lower frequency part of the plateau in Fig. 4a, tem-
perature oscillations extend throughout the sample and all
three regions the homogenously strained in the center, the
unstrained portions at the ends and the regions where strain
builds up are probed in a measurement (see Fig. 2b). Figure
4b shows P/[ωTAC(T )] recorded at fexc = 313 Hz for different
εxx. At zero strain we see a single sharp transition anomaly at
Tc ≈ 1.45 K. Upon increasing |εxx| the step-like feature moves
to higher temperatures, consistent with the increase in Tc with
strain,[6] but a second feature remains at the original zero-
strain transition. This latter feature stems from the unstrained
part of the sample.
To reduce the size of the probed part of the sample and re-
strict it to the homogenously strained region in the center, we
increased the measurement frequency. We note that we still
stay in the plateau region of frequency response curve. To
demonstrate the importance of this increase in measurement
frequency, we applied modest strain εxx = −0.19 % and in-
creased fexc from 313 Hz in steps to 2503 Hz. The data are
displayed in Fig. 4c. At 313 and 613 Hz, in addition to the
peak at ≈ 1.65 K corresponding to the transition in the cen-
tral, strained, portion of the sample, a smaller peak is visible at
≈ 1.45 K, corresponding to the transition in the end portions.
This feature shows that temperature oscillations extend into
the sample ends at these frequencies. To avoid this, one has
to work at the high end of the feasible range of frequencies.
For this particular sample, a measurement frequency above
∼ 1.5 kHz was required. Working at high frequencies with
low enough power to avoid heating gives a very small signal,
an r.m.s. thermocouple voltage of only 1− 2 nV. Therefore,
the described low temperature passive amplification was em-
ployed to achieve an r.m.s. noise level of 20 pVHz−1/2, ensur-
ing a signal-to-noise ratio in excess of 50.
B. Heat-capacity results on Sr2RuO4
Based on considerations outlined in the previous section we
selected an excitation frequency of fexc = 1503 Hz to measure
the heat capacity of Sr2RuO4. The results for three different
strains εxx= 0%,−0.25%, and−0.37% are presented in Fig. 5
as P/[ωTAC(T )]. Additionally the inset shows the results from
a standard relaxation-type heat-capacity measurement from a
piece of sample cut from the same crystal. It is qualitatively
similar to the results in the uniaxial pressure cell at zero strain.
According to Eq. 3 we find CAC(T )≈ P/[ωTAC(T )]. How-
ever, this relation has to be taken with caution since the probed
sample volume is not constant as function of temperature. We
have selected fexc in order to probe the homogenously strained
portion of the sample, but we have to notice that the thermal
conductivity κ of any studied material varies as function of
temperature and strain, and as a consequence the probed sam-
ple volume also changes. To obtain absolute values of the
volume specific heat cv(T ) at a certain strain the temperature
dependence of the thermal conductivity κ(T ) has to be known
at that strain too.
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FIG. 5. Recorded signal P/[ωTAC(T )] of Sr2RuO4 as function
of temperature for three different strains εxx = 0%, −0.25%, and
−0.37%. The inset shows a specific-heat experiment on a piece from
the same crystal using a standard relaxation time method.
C. Determination of the volume specific heat
The conversion between the measured signal and the vol-
ume or molar specific heat is trivial in a conventional setup,
because the volume (or mass) of the sample is constant. In
our measurements, the probed sample volume varies since the
thermal diffusion length ld , which depends on thermal con-
ductivity, specific heat, and frequency, changes as a function
of temperature. Therefore, it is nontrivial to convert our data
P/[ωTAC(T )] to volume specific heat cv. We start with an
ideal case to demonstrate the relation between P/[ωTAC(T )]
and cv in case of our experimental setup. Suppose that the
heater contact is point-like in the center of a very narrow sam-
ple such that the heat flow is one-dimensional propagating in
the left and right direction. The probed volume V is equal to
the cross-sectional area A times twice the diffusion length ld ,
which is a function of the angular frequency ω , the volume
specific heat cv and the thermal conductivity κ .
ld =
√
2κ(T )
ωcv(T )
(6)
CAC can be expressed as follows:
CAC = cv×V = cv×A× ld = 2A√ω
√
2κ(T )cv(T ). (7)
By using Eq. 1 and 7 we finally obtain the volume specific
heat cv:
cv(T ) =
(
P×F(ω)
2A
)2
× 1
ω×2κ(T ) ×
1
[TAC(T )]2
. (8)
This exemplifies the reciprocal dependence of cv(T ) on the
thermal conductivity and the square of the temperature-
oscillation amplitude in case of a simplified one dimensional
model.
We further note that the excitation frequency in our cur-
rent measurement is not too far away from the upper cut-off
frequency, which describes the time scale for the heat propa-
gating from the heater to the thermocouple. At this excitation
frequency F(ω)< 1 and depends on temperature adding a fur-
ther uncertainty on the determination of cv(T ).
The validity of the Eqs. 7 and 8 is based on the above-
mentioned assumptions that the heater contact is point-like
and the heat flow is one-dimensional. In reality, both the sam-
ple width and the heater contact size are finite. This implies
for the experimental setup to satisfy the assumptions of the
examined model system, the exposed sample length (ls) must
be far longer than the heater length (lh) and the sample width
(ws), ls lh,ws. Our present setup is already a good approxi-
mation to an ideal configuration but could in principle be fur-
ther optimized.
In spite of the above caveats, we note that in some cases
quantitative statements on the evolution of the specific heat on
varying uniaxial pressure are possible based on the presently
accessible data. For example, in superconductors, as in the
case of Sr2RuO4, it is possible to obtain information on
the evolution of the size of the superconducting transition
anomaly with pressure, which is an important quantity char-
acterizing superconductivity. In that case the thermal conduc-
tivity does not show any abrupt change across the transition
and close to Tc
csv
cnv
=
κn
κs
×
(
T nAC
T sAC
)2
≈
(
T nAC
T sAC
)2
(9)
with κn ≈ κs. The indices s and n indicate the corresponding
values in the superconducting and in the normal state, respec-
tively.
IV. CONCLUSION
We have developed a new experimental setup using
piezoelectric-driven uniaxial pressure cells for probing heat
capacity at low temperatures. By optimizing our preparation
and measuring processes we achieve an extremely high res-
olution and a high strain homogeneity in the probed sample
volume. The technique can be easily extended to different
temperature regions. In addition to temperature sweeps, heat
capacity can be recorded as function of applied pressure, and
our apparatus is also fully compatible with work in magnetic
fields.
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